The tenascin-C-derived peptide TNIIIA2 is capable of activating ␤1-integrins. Results: TNIIIA2 greatly enhanced cell survival and PDGF-dependent proliferation through potentiated and sustained activation of integrin ␣5␤1, resulting in continuous proliferation even after reaching confluency. Conclusion: TNIIIA2-induced integrin ␣5␤1 activation causes deregulated cell growth. Significance: These results offer a new insight into the physiological/pathological role of tenascin-C in tissues where it is highly expressed.
Tenascin-C is an adhesion modulatory matrix protein that is highly expressed in tumors; however, its biochemical activity involved in tumorigenesis is not fully understood. On the other hand, increasing evidence indicates the importance of integrin ␣5␤1 in cancer development. We previously demonstrated that tenascin-C harbors a functional site that can be released as a proadhesive peptide such as TNIIIA2. Peptide TNIIIA2 is capable of inducing activation of ␤1-integrins including ␣5␤1 via syndecan-4. In this study the proadhesive effect of TNIIIA2 was characterized by potentiated and sustained activation of integrin ␣5␤1. Based on this effect, TNIIIA2 rendered nontransformed fibroblasts (NIH3T3) resistant to serum deprivationelicited anoikis through activation of the Akt/Bcl-2 pathway. Moreover, TNIIIA2 hyperstimulated PDGF-dependent proliferation of NIH3T3 by activating integrin ␣5␤1. Tenascin-C, a parental protein of TNIIIA2, also stimulated PDGF-dependent proliferation, which was blocked by a matrix metalloproteinase-2/9 inhibitor and an anti-TNIIIA2 function-blocking antibody, suggesting proteolytic exposure of the proadhesive effect of TNIIIA2. Mechanistic analyses revealed that TNIIIA2 induced a lateral association of PDGF receptor ␤ with the molecular complex of activated integrin ␣5␤1 and syndecan-4 in the membrane microdomains enriched with cholesterol/caveolin-1, resulting in prolonged activation of PDGF receptor ␤ and the subsequent Ras/mitogen-activated protein kinase pathway in a PDGF-dependent manner. Of note, TNIIIA2 induced continuous proliferation in NIH3T3 in an integrin ␣5␤1-dependent manner even after they formed a confluent monolayer. Thus, it was proposed that tenascin-C might be involved in deregulated cell growth through potentiated and sustained activation of integrin ␣5␤1 after exposure of the proadhesive effect of TNIIIA2.
Tenascin-C (TN-C) 3 is one of the most intriguing extracellular matrix proteins and is characterized by its regulated expression. Expression of TN-C in normal adult tissues is generally low, whereas it increases transiently in pathological states including tumorigenesis (1) (2) (3) . Taken together with the data of functional analyses using in vitro and in vivo experiments, it is considered that TN-C is a key determinant of the tumor stroma involved in tumor initiation and progression (4) . In fact, most malignant tumors express TN-C, and its expression level correlates with a poor prognosis of disease free survival in patients with cancers such as glioma and lung and breast carcinomas (4) . However, the reason why this correlation applies to some cancers but not others has not yet been clarified.
TN-C is also characterized by cell adhesion modulatory activity. TN-C acts as either an adhesive or an antiadhesive factor, depending on the cellular context (5) (6) (7) (8) . In particular, the antiadhesive effect of TN-C appears favorable for tumor cell proliferation and migration (9, 10) . TN-C interferes with the adhesive interaction between syndecan-4 and the heparinbinding domain II of fibronectin, which blocks collaborative signaling induced by integrin ␣5␤1 and syndecan-4 (11, 12) . Inhibition of integrin ␣5␤1-syndecan-4-mediated cell adhesion causes enhanced cell proliferation by several mechanisms that include disruption of the actin cytoskeleton through reduced tropomyosin1 expression, depression of Wnt signaling, and activation of MAP kinase signaling (13) (14) (15) .
The hypothesis that the antiadhesive effect of TN-C is responsible for enhanced tumor cell proliferation is supported by several previous reports which show that integrin ␣5␤1 serves as a tumor suppressor gene product (4, 16 -19) . These previous reports suggest that ␣5␤1-mediated adhesion is a disadvantage to the proliferation of tumor cells, which clearly supports the potential advantage of the antiadhesive effect of TN-C on tumor cell proliferation. However, a number of recent studies have come to a conflicting conclusion, namely, that integrin ␣5␤1 is associated with the expression of a malignant phenotype (20 -23) . More recently, integrin ␣5␤1 emerged as a potential anticancer target because it is overexpressed in both tumor neovessels and tumor cells (24 -28) . Besides the antiadhesive effect, any additional biochemical activity must be defined to obtain a precise understanding of the role of TN-C in tumorigenesis.
We previously found that TN-C harbors a functional site within the fibronectin type III-like repeat A2 (29) . Proteolytic cleavage with matrix-degrading proteinase, including matrix metalloproteinase-2 (MMP-2), can release a functional peptide(s) with proadhesive activity. A 22-mer peptide bearing the proadhesive site, TNIIIA2, has a potent ability to induce ␤1-integrin activation. Syndecan-4 serves as a membrane receptor for TNIIIA2-induced ␤1-integrin activation, and engagement with TNIIIA2 induces a physical association with ␤1-integrins, causing conformational changes in ␤1-integrin that result in functional activation (29) . Araki et al. (30) later reported a similar mechanism of ␤1-integrin activation induced by the laminin peptide through syndecan-4. The mode of ␤1-integrin activation via syndecan-4 is entirely distinct from that through "inside-out" signaling (31) . Therefore, as observed previously in apoptosis (32) and differentiation (33) of nonadherent hematopoietic tumor cells, ␤1-integrin activation induced by TNIIIA2 may elicit some specific effects in the survival and proliferation of nontransformed adherent cell types.
In this study we demonstrated that potentiated and sustained activation of integrin ␣5␤1 induced by peptide TNIIIA2 causes anoikis resistance and hyperstimulation of PDGF-dependent proliferation in nontransformed fibroblasts, resulting in an attenuation of contact inhibition in cell proliferation. Our FIGURE 1. Protection of NIH3T3 cells from serum deprivation-dependent apoptosis by TNIIIA2. A, NIH3T3 cells were seeded on a plate coated with the indicated concentration (g/ml) of fibronectin and allowed to adhere. After completion of adhesion to the fibronectin substrate, cells were cultured with serum-free medium in the presence or absence of anti-apoptotic reagent, benzyloxycarbonyl-VAD (z-VAD; 50 M), TNIIIA2 (25 or 50 g/ml), normal IgG, or ␤1-integrin-activating mAb 9EG7 (20 g/ml) for 1 day, and WST assays were conducted to detect viable cells. Each point represents the mean Ϯ S.D. of triplicate determinations. One of three individual experiments is shown. *, p Ͻ 0.005 versus untreated cells on fibronectin (0.25 g/ml) on day 0. **, p Ͻ 0.01 versus untreated cells on fibronectin (0.25 g/ml) on day 1. B and C, NIH3T3 cells were cultured with serum-free medium in the presence or absence of TNIIIA2 (25 g/ml) and in the presence or absence of tyrosine kinase inhibitor for PDGF receptor (AG1295, represented by 1295) or EGF-receptor (AG1478, represented by 1478). After the indicated period, cell lysates were subjected to immunoblot analysis to detect Akt phosphorylation (B) and Bcl-2 expression (C). D, cells adhering to the fibronectin were cultured with serum-free medium with or without TNIIIA2 in the presence or absence of normal IgG or anti-integrin function-blocking mAb (15 g IgG/ml) directed to ␤1, ␤3, ␣4, ␣5, ␣v subunit, or a mixture of anti-␣v and ␤3 (represented by ␣vϩ␤3). Each point represents the mean Ϯ S.D. of triplicate determinations. One of three individual experiments is shown. *, p Ͻ 0.005 versus untreated on day 0. **, p Ͻ 0.005 versus untreated on day 1. ***, p Ͻ 0.005 versus treated with normal IgG.
results offer a new insight into the physiological and pathological roles of TNC in tissues where it is highly expressed.
EXPERIMENTAL PROCEDURES
Materials-Peptide TNIIIA2 and its inactive control peptide, TNIIIA2mut, have been described previously (32) . Antagonistic peptides for integrins, GRGDSP, and its control (GRGESP) for ␣5␤1 (IWAKI, Tokyo), CS-1 for ␣4␤1 (Operon Biotechnology, Tokyo), and cyclo-RGDfC (AnaSpec) for ␣v␤3 were purchased as indicated. AG1295, a selective inhibitor of PDGF receptor-tyrosine kinase, and AG1478, EGF receptor kinasespecific inhibitor, were obtained from Calbiochem. Methyl ␤-cyclodextrin (M␤-CD) and phorbol myristate acetate were obtained from Sigma. PDGF-BB and BS3, a cross-linker, were purchased from WAKO Pure Chemicals, Amgen, and Pierce. The MMP-2/-9 inhibitor II, (2R)-((4-biphenylylsulfonyl)amino)-N-hydroxy-3-phenylpropionamide (BiPS) was obtained from Calbiochem.
Antibodies-A function-blocking antibody against the proadhesive site of peptide TNIIIA2 was prepared as follows: rabbits were immunized with a synthetic peptide (CATHYTITIRGVT) containing the active sequence coupled with thyroglobulin.
The IgG fraction of rabbit serum was applied to Sepharose beads coupled with the synthetic peptide immunogen. Eluted IgG was used as the anti-TNIIIA2 antibody. Function-blocking monoclonal antibodies (mAbs) against mouse integrin subunit ␤1 (Ha2/5) (BD Biosciences), ␤3/CD61 (2C9.G2) (BD Biosciences), ␣4 (P1H4) (Chemicon), ␣5 (P1D6) (Chemicon), and ␣v (RMV-7) (Millipore) were obtained as indicated. mAbs against mouse integrin ␣4 (RI-2), ␣5 (5H10 -27), and ␤3 (2C9.G2) were obtained from BD Pharmingen. Anti-phospho-PDGFR-␤ (Tyr-716), anti-phospho-PDGFR-␤ (Tyr-857), and anti-caveolin 1 (N-20) polyclonal antibodies were from Santa Cruz Biotechnology. Anti-PDGFR-␤ was from Cell Signaling Technology. mAbs against ERK1/2, phospho-ERK1/2, syndecan-4 (5G9), Bcl-2, Akt, and phospho-Akt (Ser-473) and mAbs against human (TS2/16) and mouse (9EG7) ␤1-integrin, which are able to activate ␤1-integrins, are described previously (29, 32) .
Cell Culture-Nontransformed mouse fibroblasts NIH3T3 (provided by the Cell Resource Center for Biomedical Research, Institute of Development, Aging and Cancer, Tohoku University) and human leukemia cell line K562 (obtained from RIKEN Bio-Resource Center) were cultured as described previously (29, 33, 34) .
Hyperstimulation of NIH3T3 cell proliferation through potentiated and sustained activation of ␤1-integrin by TNIIIA2. A, cells adhering to fibronectin were stimulated with the indicated concentrations of PDGF (left panel, circles) or with PDGF (10 ng/ml) in the presence of the indicated concentrations of TNIIIA2 (right panel, triangles) for 1 day. Cell proliferation and survival were evaluated by WST assays in which the viable cell number was determined using absorbance at 450 nm. The viable cell number on day 0 is shown by squares with dotted lines. Each point represents the mean Ϯ S.D. of triplicate determinations. One of three individual experiments is shown. *, p Ͻ 0.001 versus untreated. B, cells adhering to the fibronectin were treated with or without PDGF (10 ng/ml) in the presence or absence of TNIIIA2 (50 g/ml), TNIIIA2mut (mut), normal IgG (20 g/ml), ␤1-integrin-activating mAb (9EG7) (20 g/ml), or anti-␤1-integrin with no function (2B1) for 1 day. WST assays were then performed. Each point represents the mean Ϯ S.D. of triplicate determinations. *, p Ͻ 0.01 versus untreated; **, p Ͻ 0.01 versus treatment with PDGF alone; ***, p Ͻ 0.01 versus treated with normal IgG. C, effects of integrin antagonists on the hyperstimulation of PDGF-dependent cell proliferation by TNIIIA2 were examined. Cells adhering to the fibronectin were stimulated with PDGF (10 ng/ml) and TNIIIA2 (50 g/ml) in the presence or absence of control IgG, anti-integrin function-blocking mAb (20 g IgG/ml) directed to ␤1, ␤3, ␣4, ␣5, or ␣v subunit, or integrin antagonistic peptide, RGD (GRGDSP, 200 g/ml) for ␣5␤1, CS-1 (200 g/ml) for ␣4␤1, or RGDfC (cyclin RDGfC, 50 g/ml) for ␣v␤3 for 1 day. Each point represents the mean Ϯ S.D. of triplicate determinations. *, p Ͻ 0.01 versus without PDGF; **, p Ͻ 0.01 versus treatment with PDGF alone; ***, p Ͻ 0.01 versus treated with normal IgG. D, effect of TNC on NIH3T3 cell proliferation was examined as above (see A and B). Cells adhering to the fibronectin were stimulated with PDGF (10 ng/ml) and TNC (250 g/ml) or TNIIIA2 (25 g/ml) in the presence or absence of BiPS (200 nM), control IgG (20 g/ml), anti-TNIIIA2 functionblocking antibody (␣TNIIIA2) (20 g/ml), or anti-integrin function-blocking mAb (20 g IgG/ml) directed to ␤1, ␤3, ␣4, ␣5, or ␣v subunit. Each point represents the mean Ϯ S.D. of triplicate determinations. *, p Ͻ 0.01 versus without PDGF; **, p Ͻ 0.01 versus treatment with PDGF alone; ***, p Ͻ 0.01 versus treated with normal IgG. #, p Ͻ 0.01 versus treatment with TNC plus BiPS.
Cell Adhesion Assay-Adhesion to fibronectin using K562 cells was performed as described previously (33) .
Cell Survival and Proliferation-Cells suspended with serumfree medium were seeded on a 96-well plate coated with fibronectin (0.25-4 g/ml) for NIH3T3 cells and allowed to adhere for 6 h. Cells were then stimulated with or without growth factors (PDGF) in the presence or absence of TNIIIA2 as indicated for 16 h. The number of viable cells was evaluated by using the Cell Counting kit (WST assay) as described previously (32) .
Ras Activity Assay-Cells suspended with serum-free medium were seeded on a 6-well plate coated with fibronectin and cultured for 6 h as above. Cells were stimulated with PDGF (10 ng/ml) in the presence or absence of peptide TNIIIA2 (25 g/ml) for the indicated times. Cell lysates were prepared, and their Ras activities were determined using the Ras Activation Assay kit (Upstate Biotechnology Inc.) according to the manufacturer's protocol.
PDGF Receptor Kinase Assay-Cells treated with PDGF in the presence or absence of peptide TNIIIA2 as described above were dissolved in PBS containing 0.5% Triton X-100 and immunoprecipitated with anti-PDGFR antibody. Tyrosine kinase activity was determined by the tyrosine kinase assay kit (Takara) according to the manufacturer's protocol.
Flow Cytometry-The activation status of ␤1-integrins on the cells was evaluated by using anti-active form of ␤1-integrin (9EG7) by flow cytometric analysis, as described previously (29) .
Fractionation of the Membrane Domains Enriched with Cholesterol/Caveolin-1 by Sucrose Density Gradient Centrifugation-
Cells were allowed to adhere to the fibronectin substrate for 6 h and then stimulated with or without PDGF (10 ng/ml) in the presence or absence of peptide TNIIIA2 (25 g/ml). After incubation for 60 min, cells were harvested and sonicated for 5 min on ice in 500 mM sodium carbonate buffer (pH 11). Fractionation of the caveolin-rich membrane microdomains by sucrose density gradient centrifugation was performed as described previously (35) with some modifications. In brief, cell homogenates prepared as described above were mixed with an equal volume of 90% sucrose in 25 mM MES buffer (pH 6.5) containing 0.15 M NaCl and placed at the bottom of a centrifuge tube. A 5-35% sucrose gradient was layered above and centrifuged at 39,000 rpm (SW55Ti, Beckman) for 16 h at 4°C. The gradient samples were divided into four fractions from the bottom of the tubes. Fractionated samples were dialyzed and concentrated by using an ultrafiltration centrifugal device (PES 10K, Thermo Scientific), and Western blotting was performed to detect caveolin-1, PDGF receptor ␤, and ␣5-integrin.
Focus Formation-Focus formation was observed following standard protocols (36) with some modifications: NIH3T3 cells were plated with or without PDGF (10 ng/ml) in the presence or absence of peptide TNIIIA2 (25 g/ml) in either 12-well plates at a density of 4 ϫ 10 4 cells/well or 96-well plates at a density of 6 ϫ 10 3 cells/well. Cells were kept in DMEM with 5% calf serum with or without TNIIIA2. The culture medium was changed FIGURE 3. Characterization of proadhesive nature of TNIIIA2. A, induced adhesion of K562 cells to the fibronectin by TNIIIA2. K562 cells were seeded on a 96-well plate coated with the fibronectin (10 g/ml) in the presence of TNIIIA2 (25 g/ml; circles), TS2/16 (20 g/ml; squares), phorbol myristate acetate (50 ng/ml; triangles), or stem cell factor (50 ng/ml; inversed triangles). After culturing for the indicated time, cell adhesion to the fibronectin substrate was quantified as described previously (32, 33) . Each point represents the mean Ϯ S.D. of triplicate determinations. 1 of 3 individual experiments is shown. *, p Ͻ 0.005 versus untreated (0 h); **, p Ͻ 0.05 versus untreated (0 h). B, K562 cells were incubated with or without TNIIIA2 (25 g/ml) in the presence or absence of M␤-CD (10 mM) or M␤-CD plus cholesterol (Chol; 16 mg/ml) inclusion complex for 30 min. Activation of ␤1-integrin was determined by flow cytometry using mAb 9EG7 recognizing the active ␤1 conformation specific epitope. C, to evaluate the effects on cell adhesion to the fibronectin substrate, K562 cells treated as above were seeded to 96-well plates coated with the fibronectin and incubated for 1 h. Cells adhering to fibronectin were fixed with formalin, and the numbers of cells were counted (C) as in Tanaka et al. (33) . Data are representative of two individual experiments. *, p Ͻ 0.001 versus without TNIIIA2. **, p Ͻ 0.005 versus treated with TNIIIA2 alone. ***, p Ͻ 0.01 versus treated with TNIIIA2 and M␤-CD. every 3 days. After the indicated periods, cells in the 12-well plates were stained by Giemsa to observe focus formation. Cells in 96-well plates were examined to evaluate the number of viable cells as described above.
RESULTS

Peptide TNIIIA2 Renders NIH3T3 Cells Anoikis-resistant and
Hyperstimulates Their PDGF-dependent Proliferation-The effects of ␤1-integrin activation by peptide TNIIIA2 on cell survival and proliferation were investigated. The nontransformed fibroblasts, NIH3T3 cells, mainly express integrin ␣5␤1 and ␣v␤3, with a low level of ␣4␤1, as fibronectin receptors (data not shown). When NIH3T3 cells adhering to the fibronectin substrate were cultured under serum-deprived conditions, a decrease in the number of viable cells was evident (Fig.  1A) . This decrease, which was sensitive to a general caspase inhibitor benzyloxycarbonyl-VAD-fluoromethyl ketone, was prevented by increasing the concentration of fibronectin used for plate-coating ( Fig. 1A) . Activation of ␤1-integrin by 9EG7 prevented a decrease in cell viability ( Fig. 1A ), suggesting the involvement of detachment-induced apoptosis, so-called anoikis. Peptide TNIIIA2 rescued NIH3T3 cells from serum starvation-elicited apoptosis to a greater extent than that by 9EG7 ( Fig. 1A) . Consistent with previous studies (34) , the anoikis resistance of cells adhered to the fibronectin substrate in response to TNIIIA2-induced ␤1-integrin activation was accompanied by Akt phosphorylation and Bcl-2 expression regardless of the presence or absence of inhibitors for receptortype tyrosine kinase (RTK) of PDGF (AG1295) and EGF (AG1478) (Fig. 1, B and C) . Experiments using function-blocking antibodies directed to integrin subunits (␣v, ␣4, ␣5, ␤1, and ␤3) suggested that TNIIIA2-induced anoikis resistance was due to the activation of integrin ␣5␤1 but not ␣v␤3 and ␣4␤1 (Fig.  1D ).
Proliferation of NIH3T3 cells was stimulated by PDGF in a dose-dependent manner but reached a plateau at around 10 ng/ml ( Fig. 2A) . TNIIIA2, which was previously demonstrated to activate ␤1-integrins of NIH3T3 cells (29) , further stimulated cell proliferation with a submaximal dose of PDGF ( Fig.  2A ). TNIIIA2 alone without PDGF did not affect cell proliferation (Fig. 2B ). TNIIIA2mut, a control peptide of TNIIIA2 inactive in ␤1-integrin activation (32), failed to enhance PDGF-dependent cell proliferation (Fig. 2B) . The ␤1-integrin-activating mAb, 9EG7, also had the ability to enhance PDGF-dependent proliferation, whereas normal IgG and anti-␤1-integrin mAb (2B1) with no function did not (Fig. 2B ). This hyperstimulation of PDGF-dependent proliferation by TNIIIA2 was specifically abrogated by function-blocking mAbs directed to integrin subunits ␤1 and ␣5 but not to ␣4, ␣v, and ␤3 (Fig. 2C) . Additionally, among the integrin antagonistic peptides, GRGDSP for ␣5␤1, CS-1 for ␣4␤1, and cyclo-RGDfC for ␣v␤3 (37), only GRGDSP was effective in abrogating TNIIIA2-induced hyperstimulation of cell proliferation (Fig. 2C ). As shown in Fig. 2D , TN-C also stimulated PDGF-dependent cell proliferation, although only about one-half of that by TNIIIA2. Stimulation of proliferation by TN-C was abolished by BiPS, a specific inhibitor for MMP-2/9, and was restored by the addition of TNIIIA2 even in the presence of BiPS (Fig. 2D ). Enhanced proliferation by TNC was also neutralized by anti-TNIIIA2 function-blocking antibody (represented as ␣-TNIII in Fig. 2D ). These results suggested that TNC stimulated cell proliferation through proteolytic exposure of the TNIIIA2-related cryptic proadhesive site of the TN-C molecule. We previously detected the secretion of an active form of MMP-2 from NIH3T3 cells (38) . Moreover, the TN-C-induced stimulation of cell proliferation was inhibited by the function-blocking mAb directed to the integrin ␣5 subunit but not by mAbs directed to the ␣4 and ␣v subunits ( Fig.  2D ) and thus closely resembled the stimulatory effect of TNIIIA2 on proliferation.
Therefore, TNIIIA2 not only rendered NIH3T3 cells resistant to anoikis but also induced hyperstimulation of PDGF-dependent proliferation through activation of integrin ␣5␤1. TN-C might acquire the ability to induce hyperstimulation of JUNE 20, 2014 • VOLUME 289 • NUMBER 25 FIGURE 5 . TNIIIA2 hyperstimulates cell proliferation through enhanced activation of PDGF receptor ␤ tyrosine kinase. A, cells adhering to the fibronectin were preincubated with or without AG1295, a selective inhibitor of PDGF receptor-tyrosine kinase, or AG1478, an EGF-receptor kinase-specific inhibitor for 1 h and then incubated in the presence or absence of PDGF (10 ng/ml) and/or TNIIIA2 (25 g/ml) for 30 min. Cell lysates with an equal amount of proteins were subjected to Western blot analysis using antibodies recognizing phosphorylated Tyr-857 of PDGFR-␤. Data are representative of two individual experiments. B, effect of PDGF receptor kinase inhibitor on the hyperstimulation of PDGF-dependent cell proliferation by TNIIIA2. Cells adhering to the fibronectin were preincubated with or without kinase inhibitor and cultured in the presence or absence of PDGF (10 ng/ml) and/or TNIIIA2 (25 g/ml). The number of viable cells was evaluated by the WST assay. Each point represents the mean Ϯ S.D. of triplicate determinations. *, p Ͻ 0.01 versus untreated (Control); **, p Ͻ 0.005 versus without kinase inhibitor. C, effect on tyrosine kinase activity. Cells adhering to the fibronectin were treated with or without PDGF (10 ng/ml) in the presence or absence of TNIIIA2 (25 g/ml). Immunoprecipitates of these lysates by anti-PDGFR-␤ antibody were examined for tyrosine kinase activity as described under "Experimental Procedures." Each point represents the mean Ϯ S.D. of triplicate determinations. *, p Ͻ 0.01 versus untreated (Control); **, p Ͻ 0.01 versus with PDGF alone. D, effect of TNIIIA2 on the dimerization of PDGF receptor was examined. Cells adhering to the fibronectin were incubated with PDGF (10 ng/ml) in the presence or absence of TNIIIA2 (25 g/ml). After washing once with HEPES-buffered saline (pH 8.0), cells were incubated with BS 3 (0.1 mM) to covalently bridge the dimerization of the PDGF receptor monomers. After the addition of glycine (1 mM) to stop the reaction, cell lysates prepared with radioimmune precipitation assay buffer were subjected to immunoprecipitation with anti-PDGFR-␤ antibody, and Western blot analysis was performed using anti-PDGFR-␤ antibody. Data are representative of two individual experiments. In panels A-D, # represents no stimulation by PDGF. FIGURE 6. TNIIIA2 induces a physical association of integrin ␣5␤1 with PDGF receptor ␤ via syndecan-4. A, effect of cholesterol (Chol) elimination on TNIIIA2-induced enhanced activation of PDGF receptor ␤. Cells adhering to the fibronectin were incubated with PDGF (10 ng/ml) and/or TNIIIA2 (25 g/ml) in the presence or absence of M␤-CD (10 mM) or M␤-CD-cholesterol (16 mg/ml) inclusion complex for 30 min and dissolved with modified radioimmune precipitation assay buffer (0.01 M Tris-HCl buffer, pH 8.0, 5 mM EDTA, 0.15 M NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and protease and phosphatase inhibitors). Cell lysates with an equal amount of proteins were subjected to Western blot analysis using antibodies recognizing phosphorylated Tyr-857 of PDGFR-␤. B and C, an immunoprecipitation (IP) study was performed as described elsewhere (39) , with some modifications. Cells treated with PDGF in the presence or absence of TNIIIA2 as indicated were dissolved by sonication in modified radioimmune precipitation assay buffer (39) and clarified by centrifugation (10,000 rpm, 5 min). Clear supernatants were incubated (4°C, 8 h) with anti-PDGFR-␤ antibody (B) or anti-syndecan-4 (5G9 mAb) (C) followed by incubation (4°C, 3 h) with protein G-Sepharose. After washing three times with radioimmune precipitation assay buffer, immune complexes adsorbed onto protein G-Sepharose were extracted with Laemmli buffer, and Western blot analysis was performed. Expression of integrin ␣5 and ␣v subunits was also confirmed by Western blotting of cell lysates (panels of Cell lysate in B and C) . The antibodies used for Western blotting are shown on the left side of each panel. Data are representative of two individual experiments.
Deregulated Cell Proliferation by integrin Activation
PDGF-dependent cell proliferation after proteolytic cleavage by matrix-degrading proteinases such as MMP-2/9.
Characterization of Proadhesive Nature of TNIIIA2-The question of how TNIIIA2 could exhibit such a potent stimulatory effect on cell survival/proliferation was addressed by characterizing the proadhesive nature of TNIIIA2 in comparison to other integrin-activating factors. Cell adhesion to fibronectin after ␤1-integrin activation was evaluated by using the human leukemia cell line K562, which exclusively expresses ␣5␤1 in its inactive form as ␤1-integrin. Stem cell factor and phorbol myristate acetate, which activate ␤1-integrins through an inside-out pathway (33) , promoted K562 cell adhesion, reaching a maximum within a 60-min incubation period and returning to basal level after 4 h (Fig. 3A) . These factors induced fibronectin adhesion in only 20 -40% of K562 cells. In contrast, TNIIIA2 and TS2/16, an anti-human ␤1-integrin mAb (25), both of which activate ␤1-integrins through conformational changes on the outer cell surface, induced potentiated and sustained adhesion to the fibronectin (Fig. 3A) . Cell adhesion stimulated by TNIIIA2 remained high for at least 10 h under the conditions used (Fig. 3A) . K562 cell adhesion to fibronectin induced by ␤1-integrin activation (29, 33) was abolished by cholesterol depletion with M␤-CD and restored by supplementation with cholesterol ( Fig. 3, B and C) . Thus, the proadhesive effect of peptide TNIIIA2 was characterized by its potentiated and prolonged activation of ␤1-integrins in a manner that depended on the membrane microdomains enriched with cholesterol.
Molecular Mechanism Underlying Hyperstimulation of PDGFdependent Cell Proliferation by TNIIIA2-The molecular mechanism underlying the hyperproliferation in response to TNIIIA2-induced integrin ␣5␤1 activation was investigated. Western blot analysis suggested that hyperstimulation of PDGF-dependent proliferation by TNIIIA2 might be caused by potentiated activation of PDGF receptor ␤. That is, combined stimulation with PDGF and TNIIIA2 markedly enhanced the phosphorylation of PDGF receptor ␤ (Fig. 4A) , which in turn induced the activation of signaling molecules of the Ras/MAP kinase pathway (Fig. 4, B-D) . The increased phosphorylation and activation levels of PDGF receptor ␤ (Tyr-716 and Tyr-857), Ras, MEK, and ERK1/2 were sustained for at least 2 h in the presence of TNIIIA2 (Fig. 4, B-D) . Notably, like TNIIIA2, ␤1-integrin-activating mAb 9EG7 also enhanced the PDGF-dependent phosphorylation of PDGF receptor ␤ (Fig. 4E ), although this was less remarkable than that by TNIIIA2. Neither TNIIIA2 nor 9EG7 alone was able to stimulate the phosphorylation/activation of PDGF receptor ␤ (Fig. 4E, marked with #).
The potentiated phosphorylation of PDGF receptor ␤ induced by TNIIIA2 and the resulting hyperproliferation of NIH3T3 cells were abrogated by A1295, a selective inhibitor of PDGF receptor-tyrosine kinase, but not by AG1478, an EGF receptor kinase-specific inhibitor (Fig. 5, A and B) . TNIIIA2 enhanced the tyrosine kinase activity of PDGF receptor ␤ in a PDGF-dependent manner (Fig. 5C ). Supporting these results, TNIIIA2 was shown to promote the dimerization of PDGF receptor ␤ on the cell surface in a PDGF-dependent manner (Fig. 5D ). Importantly, all of these effects of TNIIIA2 were dependent on PDGF. As shown in Fig. 5 , A--D (marked with #), TNIIIA2 alone showed little or no effect on the phosphorylation of PDGF receptor, cell proliferation, PDGF receptor-tyrosine kinase activity, or dimerization of the PDGF receptor monomer.
In the same way as the effect on ␤1-integrin activation (see Fig. 3B ), the membrane microdomains enriched with cholesterol were implicated in the potentiated activation of PDGF receptor ␤ by TNIIIA2. First, hyperstimulation of PDGF receptor ␤ phosphorylation/activation by PDGF together with TNIIIA2 was abrogated by cholesterol elimination with M␤-CD and restored by re-supplementation with cholesterol ( Fig. 6A) . Second, an immunoprecipitation study showed that stimulation with PDGF in the presence of TNIIIA2 induced a physical association between integrin ␣5␤1 and the phosphorylated/activated form of PDGF receptor ␤ (Fig. 6B ). Immunoprecipitation with anti-syndecan-4 antibody further showed FIGURE 7 . TNIIIA2 induces translocation of PDGF receptor ␤ and ␤1-integrin into the caveolin-rich membrane microdomains. Cells were allowed to adhere to the fibronectin, stimulated with or without PDGF (10 ng/ml), TNIIIA2 (25 g/ml) or a combination for 60 min, and then homogenized as described under "Experimental Procedures." Cell homogenates were analyzed using sucrose floatation. After centrifugation, the gradient sample was divided into four fractions from the bottom of the tube, and Western blotting was performed on each fraction using anti-PDGFR-␤, anti-␣5 integrin, and anti-caveolin-1 antibodies. Data are representative of two individual experiments.
that this physical association between integrin ␣5␤1 and PDGF receptor ␤ was mediated by syndecan-4, a membrane receptor of TNIIIA2 (Fig. 6C ). In this immunoprecipitation study, the involvement of ␣v integrins was again ruled out. Third, sucrose density gradient centrifugation analysis of the membrane distribution of PDGF receptor ␤ and ␣5-integrin might support the implied role of the cholesterol/caveolin-rich microdomain in TNIIIA2-induced hyperproliferation. Most PDGF receptors and ␣5-integrin remained at the bottom of the gradient, and little was found in the caveolin-rich membrane fraction in untreated cells (Fig. 7A ), but stimulation by PDGF induced translocation of PDGF receptor ␤ to the caveolin-rich fraction (Fig. 7B ). Translocation of PDGF receptor ␤ to the caveolinrich fraction became more evident when cells were stimulated with PDGF in combination with TNIIIA2 ( Fig. 7D) .
Taken together, TNIIIA2 facilitated the formation of a large molecular complex including syndecan-4 and activated forms of integrin ␣5␤1 and PDGF receptor ␤ in the membrane microdomains enriched with cholesterol and caveolin-1, which caused an enhanced activation of PDGF receptor ␤ and its downstream MAP kinase signaling pathway, resulting in hyperstimulation of cell proliferation.
Physiological Relevance of TNIIIA2-induced Hyperstimulation of Cell Proliferation-Finally, we explored the physiological relevance of hyperstimulation of PDGF-dependent cell proliferation as a consequence of TNIIIA2-induced integrin ␣5␤1 activation.
NIH3T3 cells actively replicated in the medium either with supplemental PDGF or without. However, cell growth was strongly suppressed from day 7 (Fig. 8A ) when cells formed a confluent monolayer in a culture plate (Fig. 8B ). The addition of PDGF had no remarkable effects on proliferative behavior (Fig.  8, A and B) . However, when NIH3T3 cells were cultured with PDGF in combination with TNIIIA2, they continued to proliferate even after forming a confluent monolayer ( Fig. 8A) and consequently formed fibroblast foci consisting of multilayered, randomly oriented cells (Fig. 8B, panel d) . Focus formation was prevented by antagonizing integrin ␣5␤1 with function-blocking mAb directed to integrin ␣5␤1 (Fig. 8, A and 8B , panels e and f). Thus, NIH3T3 cells might acquire a transformed-like phenotype during culture in the presence of TNIIIA2, which is able to induce potentiated and prolonged activation of integrin ␣5␤1.
DISCUSSION
Integrins are transmembrane adhesion receptors that control a variety of cellular processes through their activity to accept and transduce adhesion signals across the plasma membrane. The ability of integrin as an adhesion receptor is dependent on its conformational changes that specify the activation state (40) . Therefore, the ability to alter the integrin activation state offers a potential explanation for the diverse cellular responses to integrin-mediated adhesion. The present study first demonstrated that the proadhesive effect of TNIIIA2 was characterized by potentiated and sustained activation of integrin ␣5␤1. A lateral association with syndecan-4 seems to enable sustained stabilization of the active conformation of ␤1-integrins, including ␣5␤1 (29). This unique effect of peptide TNIIIA2 was responsible for specific cellular responses observed in the present study.
A number of studies have shown that integrin signaling coordinates with RTK signaling in the regulation of cell survival and proliferation. TN-C is reportedly capable of participating in the integrin-dependent promotion of RTK signaling (41) (42) (43) (44) (45) . For example, EGF-dependent survival and proliferation of smooth muscle cells are enhanced by TN-C through binding with its cognate receptor, integrin ␣v␤3 (41, 43) . TN-C also enhances the cross-talk signaling of the integrin ␣v␤3/PDGF receptor ␤ complex to promote proliferation and migration of smooth muscle cells (45) . In all examples integrin ␣v␤3 serves as a mediator for the cross-talk signaling with the RTKs, although the active site in the TN-C molecule responsible for this effect has not yet been identified.
In contrast, hyperstimulation of PDGF-dependent cell proliferation induced by TNIIIA2 in our study was shown to be mediated by integrin ␣5␤1 but not ␣v␤3. TNIIIA2-induced anoikis resistance was also mediated by integrin ␣5␤1. Moreover, as a result of these effects, TNIIIA2 induced deregulated cell proliferation, in which NIH3T3 cells continued to proliferate even after forming a confluent monolayer in an integrin ␣5␤1and PDGF-dependent manner. Many studies indicate that integrin ␣5␤1-mediated adhesion is an advantage to tumor cells for survival, proliferation, migration, and even chemoresistance (20 -23, 46 -49) . Because integrin ␣5␤1 expression positively correlates with tumor progression, it may be a promising therapeutic target for brain, breast, lung, and ovarian tumors (22) (23) (24) (25) (26) . Activation of integrin ␣5␤1 by TNIIIA2 may cause unfavorable effects in the host.
TN-C, a parental protein molecule of peptide TNIIIA2, also stimulated PDGF-dependent cell proliferation. A blocking study using the MMP-2/9 inhibitor BiPS and function-blocking Abs directed to TNIIIA2 and integrin subunits indicated that stimulation of cell proliferation by TN-C was mainly attributed to the activation of integrin ␣5␤1 through proteolytic exposure of the TNIIIA2 effect. However, considering the difference between the abilities of TN-C and peptide TNIIIA2 to stimulate cell proliferation on a molar basis, the possibility that TN-C was functioning by another mechanism independent of the TNIIIA2 effect cannot be ruled out.
Increasing evidence indicates that the signaling association between RTKs and integrins induces enhanced activation of intracellular signaling (50, 51) . Because this synergistic amplification of RTK-mediated signaling events by integrin could maximize cellular responses, the effect of integrins might be especially important in the active proliferation, migration, and invasion of tumor cells (50, 51) . Considering the high expression of TN-C in tumor cells and tumor stroma, enhanced RTK signaling by TN-C needs to be investigated in relation to the role it plays in tumor initiation and progression. The present study showed an attenuation of contact inhibition in cell proliferation by TNIIIA2 in both a PDGF-and integrin ␣5␤1-dependent manner. Of note, previous studies demonstrated that, on forced expression of PDGF, NIH3T3 cells undergo a loss of contact-inhibited growth and acquire the ability to grow in soft agar and form tumors in nude mice as a result of autocrine signaling (52, 53) . Because coordinated input from RTKs and integrins is necessary for cell cycle progression and proliferation and because both types of receptors activate common members of the Ras/MAP kinase signaling pathway, it is not surprising that sustained activation of integrin ␣5␤1 by TNIIIA2, in the presence of added PDGF, leads to the same result as that induced by stable expression of PDGF. An investigation is now in progress to define the effects of TNIIIA2 on PDGF-dependent malignancies expressing integrin ␣5␤1, including glioblastoma.
